Abstract An efficient hairy root induction system for an important endangered medicinal plant, Dracocephalum kotschyi, was developed through Agrobacterium rhizogenesmediated transformation by modifying the co-cultivation medium using five bacterial strains, A4, ATCC15834, LBA9402, MSU440, and A13 (MAFF-02-10266). A drastic increase in transformation frequency was observed when a Murashige and Skoog medium lacking NH 4 NO 3 KH 2 PO 4, KNO 3 and CaCl 2 was used, resulting in hairy root induction frequencies of 52.3 %, 69.6 %, 48.6 %, 89.0 %, and 80.0 % by A4, A13, LBA9402, MSU440, and ATCC15834 strains, respectively. For shoot induction, hairy roots and unorganized tumors induced by strain ATCC15834 were placed on an MS media supplemented with 0.1, 0.25, 0.5, and 1 mg/l BA plus 0.1 mg/l NAA. The high frequency of shoot regeneration and number of shoot were obtained in the medium containing 0.25 mg/l BA and 0.1 mg/l NAA. Root induction occurred from the base of regenerated shoots on the MS medium supplemented with 0.5 mg/l IBA after 10 days.
Introduction
Dracocephalum kotschyi (belonging to the Labiatae family) is an important endangered endemic medicinal plant species found in Isfahan and the Alborz Mountains of Iran (Rechinger 1982) . The propagation D. kotschyi by seed is restricted because of strong seed dormancy. In traditional medicine, D. kotschyi is used for stomach and liver disorders because of its antispasmodic and analgesic properties (Jahaniani et al. 2005) . It is also used for its antihyperlipidermic effects and immune modulatory effects (on rheumatoid arthritis) (Amirghofran et al. 2000) . This plant inhibits the multiplication of tumor cells; thus it has been used in the development of drugs effective against cancer (Cordell et al. 1991 ). An anticancer drug (Spinal-Z) introduced by Iranian researchers, which has a specific effect against leukemia, is extracted from D. kotschyi leaves and Peganum harmala seeds (Sobhani et al. 2002; Jahaniani et al. 2005) .
Hairy root is a plant disease induced by A. rhizogenes. Root loci (rol) genes harbored by the root inducing (Ri) plasmid of A. rhizogenes are integrated into the nuclear genome of the host plant, inducing hairy root. Several factors affect the rate of A. rhizogenes mediated transformation in different plants, including acetosyringone, A. rhizogenes strains, and modified MS compounds (Sharafi et al 2013b) .
Hairy root-derived plants are usually real transgenic (Maknight et al. 1987) . Putative transgenic regenerated plants from hairy roots could be formed directly or indirectly (via callus). He-Ping et al. (2011) successfully reported adventitious shoot formation from Pogostemon cablin hairy roots. Also, regenerated shoots from the calli of hairy roots were formed in Malus baccata (Wu et al. 2012) .
In this study, an efficient protocol for hairy root induction of D. kotschyi and plant regeneration from hairy roots was established. The improved transformation was achieved by modifying several chemical compounds in co-cultivation media and selection of suitable strains of A. rhizogenes. Regeneration system was also successfully optimized from hairy roots. To the best of our knowledge, this is the first report of hairy root induction and regeneration of medicinal plant D. kotschyi.
Materials and methods

Seed sterilization and germination
Seeds of D. kotschyi (collected from Isfahan province, Iran) were surface sterilized by immersing with 70 % (v/v) ethanol for 2 min and 3 % (v/v) sodium hypochlorite solution for 15 min and then washed five times using sterilized water. The seeds were placed on 0.7 % basal MS-agar plates (Murashige and Skoog 1962) . The medium was adjusted to pH 5.8 before adding agar and was sterilized by autoclaving. The seeds were germinated at 25°C under a 16/8 h (day/night) photoperiod in a culture room.
Preparation of A. rhizogenes strains
Five strains of A. rhizogenes were used: A4, ATCC15834, LBA9402, MSU440 (agropine type strains) and a mikimopin producing strain A13 (MAFF-02-10266). All the strains were provided by the bank of microbes at the National Institute of Genetic Engineering and Biotechnology (NIGEB), Tehran, Iran. The A. rhizogenes strains were cultured in liquid LuriaBertani medium containing 50 mg/l rifampicin, 10 g/l tryptone, 5 mg/l yeast extract and 10 mg/l NaCl, pH 7.2 to an optical density of 0.6, at 28°C, 160 rpm on a shaker incubator. The bacteria were pelleted by centrifugation for 15 min at 3,000 rpm and resuspended to a cell density of OD 600 0.8 in liquid inoculation medium, consisted of MS salts and vitamins along with 50 mg/l sucrose and 100 μM acetosyringone (designated as Medium 1). This medium was subsequently modified by removing the following compounds: KH 2 PO 4 (Medium 2); KH 2 PO 4 , CaCl 2 (Medium 3); KH 2 PO 4 , NH 4 NO 3 , KNO 3 (Medium 4); KH 2 PO 4 , NH 4 NO 3 , KNO 3 , CaCl 2 (Medium 5) based on our previous studies (Azadi et al. 2010; Sharafi et al. 2013a, c) .
Co-cultivation and induction of hairy root culture Leaf explants from 4-week old D. kotschyi seedlings were used for co-cultivation with different strains of A. rhizogenes. The explants were randomly wounded using sterile needle and inoculated with different bacterial strains (ATCC 15834, A4, LBA9402, MSU440, A13) for 10 min. The explants were briefly dried with sterile filter paper and then transferred to co-cultivation medium which was the same as the inoculation medium but solidified with agar. After 2 days of cocultivation, the explants transferred to MS media supplemented with 400 mg/l cefotaxime to eliminate the A. rhizogenes. Control explants were treated similarly but without inoculation with A. rhizogenes.
Shoot regeneration from hairy roots
Hairy roots and tumors induced by strain ATCC15834 were excised into 2-3 cm segments and transferred to regeneration media. MS solid media supplemented with 3 % sucrose, 0.1, 0.25, 0.5 and 1 mg/l BA in companion with 0.1 mg/l NAA, pH 5.8 was used as regeneration medium. After 3 weeks, regenerated shoots (2-2.5 cm) were excised and cultivated on root induction medium (MS medium supplemented with 0.5 mg/l IBA).
Polymerase chain reaction analysis
Total DNA was isolated from hairy root samples, putative transgenic regenerated plants, and control roots using genomic plant DNA extraction kit (iNtRON Biotechnology Co.). Isolated DNA was used in PCR analysis for detecting the rol B gene. The primers designed to amplify rol B were 5′ GCTCTT GCAGTGCTAGATTT3′ and 5′ GAAGGTGCAAGCTACC TCTC3′.
Statistical analysis
The experiments were laid on a completely randomized design (CRD) with six replications and nine explants cultured in each Petri dish. The data collected were subjected to analysis of variance test. The means were compared using Duncan's multiple range tests. The data expressed as percentage were subjected to arcsine transformation before the statistical analysis.
Results and discussion
Effect of different co-cultivation media and A. rhizogenes strains Seeds were germinated for 1 week, and leaf explants from 4-week-old D. kotschyi seedlings were used for co-cultivation. The effect of five A. rhizogenes strains and five co-cultivation media were evaluated on hairy root induction of D. kotschyi leaf explants (Fig. 1a-f) . All of the treatments led to hairy root induction. Explants were transferred to fresh media every 2 weeks to avoid browning (Fig. 1g) . Tumor induction along with hairy roots was observed using strain ATCC15834 after 5 weeks of inoculation (Fig. 1h) . The induced hairy roots were excised and put into an MS medium containing 400 mg/l cefotaxime to eliminate bacteria.
In the full strength MS medium (medium 1), the maximum rate of transformation was observed at 60 % in the ATCC15834 strain (Fig. 2) . Previous studies showed that the expression of vir G can be activated by low levels of PO 4 and suggested that a shortage of PO 4 could be a positive signal to induce the infection of plants (Winans 1990 ). Removing KH 2 PO 4 from inoculation and co-cultivation media (medium 2), however, had no significant effect on transformation frequency.
Using medium 3 or 4 (lacking KH 2 PO 4 and CaCl 2 or NH 4 NO 3 KH 2 PO 4 and KNO 3 respectively) obviously promoted root induction frequency. In medium 5, in which CaCl 2 was additionally removed, transformation frequency drastically increased in comparison with the full strength MS medium (medium 1) in all strains and resulted in 52.3 %, 69.6 %, 48.6 %, 89.0 %, and 80.0 % hairy root induction frequency in A4, A13, LBA9402, MSU440, and ATCC15834 strains, respectively (Fig. 2) . Montoro et al. (2000) indicated that the removal of CaCl 2 significantly improved Hevea brasiliensis transformation efficiency. Similar results were reported in the case of A. tumefaciens in Lilium transformation (Azadi et al. 2011 ) and hairy root induction of Papaver bracteatum (Sharafi et al. 2013b ). Dupre et al. (2000) indicated that to achieve the highest rate of transformation in Ginkgo biloba, the best co-cultivation medium was a medium lacking mineral components. explants (b, c, d , e, f) hairy root induction on explants after 4 weeks with inoculation medium 1, 2, 3, 4, and 5 respectively, using strain A13 (MAFF-02-10266); (g) explant browning (h) induction of tumor in companion with hairy roots after 5 weeks of inoculation using strain ATCC15834 in medium 4
As the transformation efficiency was drastically increased by removing NH 4 NO 3 , KNO 3 and CaCl 2, our results suggest that most macro-elements in co-cultivation media have inhibitory effects on the A. rhizogenes mediated transformation of D. kotschyi. Cell proliferation of A. rhizogenes around the explants during co-cultivation in media 4 and 5 was highly increased compared to the MS full strength medium. The bacterial overgrowth in these media proved the inhibitory effect of macro-elements on the proliferation of A. rhizogenes during co-cultivation (data not shown).
The roles of several factors related to the ion effect on Agrobacterium mediated transformation have been reported. Some possible reasons for an increased rate of transformation could be the effect of PO 4 starvation in activating vir G expression (Winans 1990) , the formation of biofilm (Danhorn et al. 2004) , the possibility of a Ca +2 inhibitory effect on the expression of virulence genes of bacteria (Flego et al. 1997) , and increased proliferation of Agrobacterium in the medium which is lacking some elements (Azadi et al. 2010 The high rate of root formation obtained in low strength MS salt medium in Solidago altissima has also been reported (Inoguchi et al. 2003) . More studies on the role of these elements are needed to discover how T-DNA transfer is regulated by mineral compounds. The ability of A. rhizogenes to infect plant species are strain dependent (Porter 1991; Sharafi et al. 2013b) . Among the different strains evaluated for induction of transformed hairy roots in D. kotschyi, the MSU440 and ATCC15834 strains showed the highest rates of hairy root induction in each tested co-cultivation medium (Fig. 2) . Tumor induction occurred in all strains with differing frequencies (data not shown). Agriopin-type strains are a split T-DNA consisting of two T-DNA regions, T R and T L . The T R -DNA, which only exists in agropine-type plasmids of A. rhizogenes and controls opine and auxin biosynthesis, is responsible for tumors (Veena and Taylor 2007) . Sudha et al. (2012) indicated that tumors might be induced by the effects of endogenous hormones accompanied by a bacterial strain in response to the rol gene products.
Shoot regeneration from hairy root cultures
Hairy roots and unorganized tumors induced by strain ATCC15834 were placed on an MS media supplemented with 0.1, 0.25, 0.5 and 1 mg/l BA in companion with 0.1 mg/l NAA for shoot induction. After 2 weeks most hairy root segments induced callus, while the size of tumors increased ( Fig. 3a and b) . Several small shoot points were formed on the surface of calli from both hairy roots and enlarged tumors ( Fig. 3c and d) . The number of adventitious shoots increased with time ( Fig. 3e) (data not shown) . The differentiation rate of adventitious shoots from the calli was significantly affected by the influence of BA. Using 0.25 mg/l BA plus 0.1 mg/l NAA significantly increased the rate of shoot induction (21.3 %) (Fig. 4) and number of shoot per explants (6.0). Although the frequency of adventitious shoot induction (Fig. 4 ) and the number of shoots (data not shown) decreased in higher levels of BA. In our study no shoot induction was observed in the hormone-free medium which resembles the results of studies on Pogostemon cablin by He-Ping et al. (2011) . In contrast, spontaneous regeneration of transformed plants from hairy roots of Plumbago indica (Gangopadhyay et al. 2010) and Centaurium erythraea (Subotic et al. 2009 ) was reported. Mano and Matsuhashi (1995) reported that horseradish plants can easily induce adventitious shoots from hairy roots without the addition of plant growth regulators. The 2-2.5 cm regenerated shoots were transferred to MS medium supplemented with 0.5 mg/l IBA for rooting. Root induction (80 %) occurred from the base of the shoots in 10 days (Fig. 3f) .
Confirmation of rol B gene in hairy roots and regenerated plants
The PCR analysis of hairy roots and regenerated plants resulted in the amplification of expected fragment similar to that found in the positive control, while there was no amplification in the DNA isolated from normal roots (Fig. 5) . This study, for the first time, established a reliable protocol for hairy root induction and plant regeneration of the important medicinal plant D. kotschyi. The propagation of rare medicinal plant D. kotschyi by seed is restricted because of strong seed dormancy, therefore our plant regeneration system will facilitate the clonal propagation. Hairy root offers suitable prospects for the production of valuable compounds and is considered as a green factory. Further studies are in progress to commercialize large scale production of an anticancer compound from this plant by designing a cost effective bioreactor. Moreover, the use of fast-growing hairy roots could have immense potential in investigating the molecular regulation of genes encoding anticancer biosynthetic enzymes.
